The signal transduction pathways involved in neuronal death are not well understood. Neuroglobin (Ngb), a recently discovered vertebrate globin expressed predominantly in the brain, shows increased expression in neurons in response to oxygen deprivation and protects neurons from ischemic and hypoxic death. The mechanism of this neuroprotection is unclear. We examined the surface distribution of raft membrane microdomains in cortical neuron cultures during hypoxia using the raft marker cholera toxin B (CTx-B) subunit. Mechanistically, we demonstrate that hypoxia induces rapid polarization of somal membranes and aggregation of microdomains with the subjacent mitochondrial network. This signaling complex is formed well before neurons commit to die, consistent with an early role in death signal transduction. 
The death of neurons is poorly understood, especially the extent to which different mechanisms are linked to different death-inducing stimuli, such as ischemia, excitotoxicity, and degenerative disorders. Neuroglobin (Ngb), an evolutionarily ancient member of the vertebrate globin family (1) , is induced by neuronal hypoxia and cerebral ischemia and protects neurons from hypoxic and ischemic cell death (2) . How Ngb protects neurons is unclear. Although Ngb belongs to the globin family, it shares little amino acid sequence similarity with vertebrate myoglobins and hemoglobins, suggesting a distinct evolution and physiological functions separate from O 2 storage and transport.
In ischemic brain, two forms of neuronal death are observed (3) . Necrotic neuronal death occurs in regions of severe ischemic injury, while programmed cell death is observed in less injured areas. Current understanding of cell-death signaling in non-neural cells may provide clues to the mechanisms that regulate the balance between these two forms of cell death in neurons.
In immune cells, death-signal transduction involves the spatial organization of signaling molecules into higher-order, death-inducing signaling complexes (DISCs). The death-signaling specificity of DISCs is regulated by the lateral movement and compartmentalization of membrane proteins, with Fas/CD95 aggregation and dynamic polarization of lipid microdomains, an essential event in DISC formation (4) . Polarization of membrane microdomains, in turn, is shaped by activation of Rho GTPases and reorganization of the actin cytoskeleton; accordingly, inhibitors of actin assembly, such as cytochalasin D, block microdomain aggregation (5) . Disruption of lipid rafts also blocks plasma membrane compartmentalization and inhibits death-signal transduction in the immune system.
The role of raft microdomains and spatial regulation of death-signaling pathways in neurons is unknown. Cultured cortical neurons respond rapidly to oxygen deprivation, demonstrating pronounced changes in morphology within minutes. These changes include bleb formation, process retraction, and a change in shape of the soma from pyramidal to round (6) . Disruption of cytoskeletal architecture during hypoxia in epithelial cells is mediated in large part by Rho proteins (7) . The Rho GTPase family includes several members, but RhoA, Rac1, and Cdc42 are the best characterized, and unique effects on actin are associated with each (8) . Rho GTPases are GDP-bound and maintained inactive in the cytosol, complexed with a GDP-dissociation inhibitor (GDI). Activation of Rho GTPases requires GDI dissociation, replacement of GDP with GTP, and intracellular translocation of GTPases from the cytoplasm to the plasma membrane (9) . Recent evidence indicates that human Ngb may function as a GDI and regulate receptor-mediated G protein signaling (10) .
We examined the role of Ngb in modulating Rho GTPase-RhoGDI complex dynamics and cytoskeletal reorganization during neuroprotection against hypoxia. We demonstrate that cytoskeletal changes in hypoxia are not random or chaotic but part of a polarity-based signaling response. In this context, Ngb appears to protect against hypoxia by interfering with cytoskeletal polarization and lipid raft-dependent death signaling through the Rho GTPase pathway.
MATERIALS AND METHODS

Western blot analysis
To evaluate interactions between endogenous RhoGDI or Ngb, we carried out coimmunoprecipitation experiments.
Cell lysates were extracted in PBS containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 g/ml of aprotinin and 100 g/ml of phenylmethylsulfonyl fluoride, and protein concentration was determined using a Bio-Rad protein assay. RhoGDI or Ngb was immunoprecipitated from cultured control and Ngb-Tg cortical neurons before and after 6 h of hypoxia using antiRhoGDI or anti-Ngb antibody. Precipitated protein was washed four times with lysis buffer, separated by SDS-PAGE, transferred to polyvinyldifluoridine membrane, and probed with anti-Rac1, anti-RhoA, anti-RhoGDI, anti-Pak1, and antiflotillin-1 antibodies (Santa Cruz Biotechnology, Santa Cruz, CA, USA) for coimmunoprecipitated proteins. The level of RhoGDI or Ngb expression in whole-cell lysates was analyzed by Western blot analysis with anti-RhoGDI or anti-Ngb antibodies. Membranes were washed with PBS containing 0.1% Tween-20, incubated with horseradish peroxidase conjugated anti-mouse, anti-rabbit, or anti-goat secondary antibody (Santa Cruz Biotechnology) at 4°for 60 min, and they were washed three times for 15 min with PBS/Tween-20. Peroxidase activity was visualized with a chemiluminescence sub- Figure 1 . Polarized hypoxic signal transduction. Hypoxia induces membrane microdomain polarization in cultured cortical neurons. Cortical neurons at 9 DIV stained with Alexa CTx-B (red; left panels) and FITC-phalloidin (green; middle panels) were analyzed by confocal microscopy. a) Lipid rafts are symmetrically dispersed on resting neurons. CTx-B raft (red) staining is uniformly distributed around the cell body in resting neurons. Phalloidin actin (green) is faint, with the exception of several spontaneous actin clusters, indicating primarily dispersed unpolymerized actin in resting neurons. 4,6-Diamidino-2-phenylindole (DAPI) -labeled nuclei are in blue. Hypoxia induces lipid raft polarization and actin polymerization. b, c) CTx-B raft surface staining (red; left) and actin (green; middle) 30 min after hypoxia treatment is initially localized to patched membrane regions (middle), which aggregate into a polarized membrane complex (c). Arrow indicates aggregated raft membrane microdomains and underlying coaggregated polymerized actin patches. DAPI-labeled nuclei are in blue. Yellow indicates colocalization of CTx-B raft and phalloidin actin staining (Merge; right panels). Scale bar ϭ 40 m. strate system (NEN Life Science Products Inc., Wilmington, DE, USA).
Pak1 kinase assay
Kinase reactions contained recombinant GST-Pak1 (1 g per reaction) in kinase buffer (50 mM HEPES, pH 7.5, 10 mM MgCl 2 , 2 mM MnCl 2 , 0.2 mM dithiothreitol) in a 70-l reaction mixture, with 5 g of purified recombinant Ngb, 20 M ATP and 0.5 Ci/reaction radiolabeled [␥-32P]ATP (specific activity 4500 mCi/mmol, from ICN, Costa Mesa, CA). As a positive control, the kinase reaction was performed in the presence of 1 g of myelin basic protein (Sigma M-1891; Sigma, St. Louis, MO, USA). The reactions were incubated for 30 min at 30°C and stopped by addition of 15 l of 4ϫ concentrated Laemmli's SDS-PAGE sample buffer. Phosphorylation reactions were resolved by 12% SDSpolyacrylamide gel electrophoresis (SDS-PAGE); then gels were stained with Coomassie Brilliant Blue R-250, destained, dried, and subjected to autoradiography for 1-24 h.
Measures for cortical neuronal culture viability (LDH release, chromatin fragmentation)
Cortical cultures enriched in cells of neuronal lineage were prepared from 16-day mouse embryos with neurobasal medium containing B27 supplement, 2 mM glutamate, and 1% penicillin and streptomycin. After 4 days, half of the medium was replaced with neurobasal medium containing 2% B27, and experiments were conducted at 8 days in vitro.
The LDH release value obtained from cortical neurons exposed to 1% Triton X-100-containing lysis buffer served as 100% LDH release, and data obtained in other groups were calculated as a percentage of this value accordingly. Data are expressed as means Ϯ se (nϭ3).
We determined the percent nuclei with condensed or fragmented chromatin for control and Ngb-Tg cortical neurons by counting 500 nuclei in several random fields. We also determined the percentage of neurons with aggregated and polarized raft microdomains (CTx-B raft staining) induced by hypoxia for control and Ngb-Tg neurons by counting 500 neurons in several random fields. Following 6 h hypoxia, the percentage of neurons with polarized raft microdomains is significantly lower in Ngb-Tg neurons. After 24 h hypoxia treatment, the percentage of neurons with condensed and fragmented chromatin is significantly lower in Ngb-Tg neurons. The staining and scoring of all samples was performed in a single-blinded fashion.
In lymphocytes, reorganization of membrane microdomains (lipid rafts) mediates formation of DISCs involved in transducing Fas/CD95 death signals. Here, uniformly distributed small rafts form larger aggregates, which then coalesce to form a polarized signal transduction domain in one section of the plasma membrane and mediate Fas death signaling. As such, Fas/C95 microdomain polarization and chromatin condensation and fragmentation are considered objective measurements of Fas-mediated apoptotic death.
Similarly, we used somal microdomain polarization and chromatin fragmentation as indicators of the neuronal death cascade. As in the case of Fas DISC signaling in lymphocytes, inhibition of raft polarization is sufficient to block neuronal death and downstream chromatin fragmentation. Thus, somal raft polarization, LDH release, and chromatin fragmentation denote an early stage of neuronal death signaling.
Transgenic mice
To generate Ngb transgenic mice, we introduced fulllength mouse Ngb cDNA into the SpeI and EcoRV restric- Transgenic mice were produced by pronuclear injection of BDF1 ϫ BDF1 embryos. Founders were identified by PCR analysis of lysates from tail biopsies with two different primer pairs. For genotyping of Ngb-GFP transgenic mice, mouse tail DNA was screened by PCR using specific primers (5Ј-GGGTTACTCCCACAGGTGAG-3Ј and 5Ј-CAAGCTGGT-CAGGTACTCCTCC-3Ј for Ngb 506-bp product; 5Ј-GCG-GTCACAAACTCCAGCAGGACCA-3Ј and 5Ј-GGCGTGGTC-CCAATCTCGTGGAA-3Ј for GFP 664-bp product).
Founder animals were intercrossed with CD1 mice to establish lines. Of 5 independent transgenic lines, 3 had comparable expression levels, as determined by immunoblot analysis. Ngb-Tg mice used in the present study were offspring of intersibling matings over at least 6 generations. Ngb 2ϩ mice displayed no overt phenotypic abnormalities based on visual inspection, dissection of the major organs, brain histology, or simple tests of behavior. Ngb was constitutively overexpressed in multiple cell types and in multiple organs, including both neurons and astrocytes in brain (26) . 
RESULTS
Polarized hypoxia signaling
First, we examined actin polymerization and the surface distribution of raft membrane microdomains in cultured cortical neurons using FITC-phalloidin to label polymeric actin, and the Alexa-labeled raft marker cholera toxin B (CTx-B) subunit to label the glycosphingolipid GM1 (11), which is enriched in lipid rafts. GM1 gangliosides are abundant in the exoplasmic leaflet of the plasma membrane and CTx-B is frequently used to visualize GM1-enriched microdomains on the plasma membrane surface. In normoxic cortical neurons, GM1 is evenly distributed along the somal surface ( Fig. 1 ) and axonal and dendritic processes. By contrast, in cortical neurons exposed to hypoxia, GM1 is redistributed into clusters and dense polarized re- gions (Fig. 1) , and axodendritic CTx-B staining is reduced. In addition, neuronal mitochondria aggregate underneath the polarized lipid microdomain (Fig.  2) . This occurs within minutes following hypoxia and precedes cytochrome c release during neuronal death, suggesting that raft polarization and mitochondrial aggregation are early signaling responses to neuronal hypoxia (Fig. 3) . Raft polarization and mitochondrial aggregation are accompanied by an active reorganization of actin and the establishment of discrete foci of actin polymerization underneath the lipid microdomain (Fig. 1) .
Mitochondria play a central role in apoptotic death signaling pathways. Following exposure to death-inducing stimuli, mitochondria release cytochrome c into the cytoplasm and activate caspase cascades leading to cell death (12) . In non-neural cells undergoing apoptosis, mitochondria also aggregate in response to toxic insults (13) . We examined the distribution of mitochondria in cortical neurons before and after hypoxia. In normoxic cortical neuron cultures, mitochondria are distributed broadly and uniformly in the cytoplasm but are concentrated at the nuclear periphery (Fig. 2) . In response to hypoxia, neuronal mitochondria dynamically aggregate at a locus underneath the polarized lipid microdomain, before nuclear changes associated with hypoxic death are detected (Fig. 2) .
Hypoxia can produce apoptotic neuronal death mediated partly by caspase-3, and the competitive caspase-3 inhibitor, carbobenzoxy-Glu-Val-Asp-CH 2 -2, 6-dichlorobenzolate (ZEVD), suppresses hypoxia-induced nuclear changes (14) . However, ZEVD does not inhibit hypoxia-induced raft polarization or mitochondrial aggregation, suggesting that these processes are caspase-3-independent, and precede chromatin condensation and fragmentation.
Mitochondria-mediated caspase-3 activation is initiated by the release of cytochrome c from mitochondria to the cytoplasm (15) . We examined the distribution of cytochrome c before and after mitochondrial aggregation. In resting neurons, cytochrome c and mitochondria are uniformly distributed and colocalized, consistent with an intramitochondrial location of cytochrome c (Fig. 3) . In hypoxic cells, mitochondria aggregate, but cytochrome c and mitochondria remain colocalized, indicating that aggregation of lipid rafts and mitochondria precedes cytochrome c release (Fig. 3) . At later times, cytochrome c and mitochondria are clearly separated (Fig. 3) , indicating that most cytochrome c has been released. These results suggest that lipid raft polarization, mitochondrial aggregation, and actin reorganization are upstream signaling events preceding cytochrome c release and caspase-3 activation in hypoxic neuronal death. Our data are consistent with observations that mitochondria in mammalian cells can aggregate and form a physically interconnected network (16) . This network is responsive to local high microdomains ("hotspots") of calcium within the soma ϩ -K ϩ -ATPase ␤2, before and 3 h after hypoxia and were analyzed by confocal microscopy. a) Lipid rafts, Kv2.1, and Na ϩ -K ϩ -ATPase ␤2 are symmetrically dispersed on resting neurons. CTx-B staining (red), Kv2.1 (green), and Na ϩ -K ϩ -ATPase ␤2 (blue) immunoreactivity are dispersed around the cell body and processes in resting neurons. DAPI-labeled nuclei are in blue. b) Hypoxia induces lipid raft, Kv2.1, and Na ϩ -K ϩ -ATPase ␤2 aggregation. CTx-B raft, Kv2.1, and Na ϩ -K ϩ -ATPase ␤2 surface staining 3 h after hypoxia treatment is colocalized to compartmentalized membrane regions. Colocalization is indicated in white by the blending of aggregated raft microdomain staining (CTx-B red), Kv2.1 (green), and Na and may represent an attempt to buffer and channel calcium during death signaling. We reasoned that if mitochondria aggregate to a Ca 2ϩ entry source within the soma, proteins involved in ion homeostasis and ion flux during hypoxia may occur within the clustered raft complex. To explore the protein composition of the hypoxia-induced polarized raft-signaling complex, we probed cultured neurons with antibodies against key signaling molecules. Kv2.1 potassium channels, which mediate neuronal responses to ischemia and apoptosis (17, 18, 19) and target to lipid rafts in normoxic neurons (20) , were distributed in clusters along the somal surface and colocalized with CTx-B (Fig. 1d) . Hypoxia induces polarization of Kv2.1 immunoreactivity within the cell membrane and its colocalization with Rac1 and CTx-B (Fig. 4) . Also colocalized within this complex are the Na ϩ , K ϩ ATPase ␤2 subunit, Na ϩ , Ca 2ϩ exchanger (NCX1) and TRPC5 transient receptor potential cation channel (Fig. 4) . Our data imply location-dependent roles for mitochondria and are consistent with observations that a subset of mitochondria near a Ca 2ϩ source preferentially takes up Ca 2ϩ and is a target for Ca 2ϩ -induced toxicity (21) . Membrane microdomain polarization is mediated by actin cytoskeleton reorganization in a variety of cell types (22) . To examine the role of cytoskeletal changes during hypoxia, we pretreated cortical cultures with latrunculin-A (Lat-A), a toxin that inhibits actin assembly by sequestering monomeric actin (G-actin), resulting in net depolymerization of actin polymer (F-actin) (23) . In response to hypoxia, cortical neurons pretreated with Lat-A do not undergo cytoskeleton reorganization, microdomain polarization, or mitochondrial aggregation and are protected against cell death (Fig.  5, Fig. 8a ). Similar protection was seen using cytochalasin D, which also depolymerizes actin filaments (24) . Our results are in accord with data, obtained from the immune system, which demonstrate that polarization of lipid microdomains into signaling complexes depends on Rho GTPase-induced actin polymerization (22) .
Ngb Inhibits RhoGTPase-RhoGDI Dissociation
To examine the role of Rho GTPases in hypoxic reorganization of the actin cytoskeleton, we monitored the subcellular distribution of Rac1 and RhoA GTPases. Rho GTPases are normally GDP-bound and maintained inactive in the cytosol complexed with a GDI. Activation of Rho GTPases requires GDI dissociation, replacement of GDP with GTP and translocation of the GTPases from cytoplasm to plasma membrane (9) . In normoxic neurons, Rac1 and RhoA are uniformly distributed throughout the cytoplasm, but RhoA is enriched in processes and colocalizes with Ctx-B staining (Fig. 6a) . With hypoxia, somal Rac1 staining becomes asymmetric and colocalizes with the polarized membrane microdomain signaling complex, whereas RhoA is distributed uniformly through the cell membrane (Fig. 6a ). Our results demonstrate that Rho family GTPases are differentially regulated by hypoxia and partitioned into distinct spatial pools. Hypoxic targeting of Rac1 to raft microdomains indicates a role for Rac1 in microdomain polarization in accord with the microdomain targeting of Rac1 by integrins in shaping adhesionmediated signaling complexes (25) .
We next examined the role of Ngb in Rho GTPaseRhoGDI dynamics and cytoskeletal reorganization during hypoxia, using transgenic mice (Ngb-Tg) that overexpress Ngb protein (26) . Ngb-Tg mice are resistant to ischemia in vivo (26) , and neurons from these mice are resistant to hypoxia in vitro (Fig. 8) . We compared the binding of Rac1 and RhoA to RhoGDI in wild-type and Ngb-Tg cortical neuron cultures before and during hypoxia. In normoxic wild-type neurons, Rac1 and RhoA coprecipitate with RhoGDI, whereas hypoxia decreases RhoGDI-associated Rac1 complexes, reflecting the release of Rac1 from RhoGDI, a permissive step for GTPase activation and actin assembly (Fig. 6b) .
Total RhoGDI, Rac1, and RhoA levels are similar in normoxic wild-type and Ngb-Tg neurons. However, increased amounts of Rac1 and RhoA coprecipitate with RhoGDI in Ngb-Tg neurons. Further, in hypoxic Ngb-Tg cortical neurons, less Rac1 is released from Rac1-RhoGDI complexes, indicating that Rac1 is maintained in an inert Rac1-GDI complex (Fig. 6c) . Wildtype neurons express low levels of Ngb, which are up-regulated by hypoxia (2), while Ngb-Tg neurons express substantially greater levels of Ngb, which do not increase during hypoxia (Fig. 6c) . We used immunoprecipitation to further examine in vivo interactions between Ngb and Rho family proteins before and during hypoxia. In wild-type neurons, coprecipitation of Ngb with RhoGDI, Rac1, and RhoA is low in the normoxic state but increases during 6 h of hypoxia. In contrast, Ngb-Tg neurons show substantial coprecipitation, which decreases during hypoxia. Ngb in hypoxic control or Ngb-Tg neurons also coprecipitates with the raft microdomain marker flotillin-1, indicating that Rho family GTPases interact with Ngb associated with plasma membrane microdomains. Flotillins are localized at the cytoplasmic face of membrane microdomains and are thought to act as scaffolds for the formation of multiprotein complexes. Further, Ngb coprecipitates with Pak1, a kinase that is a key regulator of actin assembly during polarity establishment, and as part of the RhoGDI-GTPase signaling complex, it modulates GDI-Rac1GTPase release (27) (Fig. 6c) . Pak1 signaling cascades involve the phosphorylation of LIM kinase, which then phosphorylates its substrate, cofilin, and regulate the generation of cytoskeletal structures. In vitro kinase assays using purified recombinant Pak1 and Ngb demonstrate how Ngb binds directly to Pak1 and inhibits Pak1's kinase activity as part of its neuroprotective action and that Ngb is also phosphorylated by Pak1 (Fig. 7) .
We next examined the subcellular distribution of Ngb within wild-type and Ngb-Tg neurons before and after hypoxia. In normoxic wild-type neurons, low levels of Ngb are diffusely distributed throughout the cytoplasm unassociated with the raft membrane marker CTx-B. Following 6 h of hypoxia, Ngb staining is localized beneath the polarized raft signaling module with minimal CTx-B colocalization (Fig. 8) . In contrast, Ngb staining in normoxic Ngb-Tg neurons is increased compared to wild type, and distributed throughout the cytoplasm in discrete puncta, and a portion of Ngb staining colocalizes with raft membrane CTx-B staining. Following 6 h of hypoxia, Ngb staining in Ngb-Tg neurons colocalizes predominantly with CTx-B, and the cell membrane and cytoskeleton remain unpolarized. The addition of Ngb siRNA restores hypoxia-induced microdomain polarization, reverses Ngb-induced neuroprotection, and suggests that Ngb-mediated inhibition of microdomain polarization may be essential to its neuroprotective mechanism (Fig. 8) .
DISCUSSION
Somal polarity mediates hypoxic neuronal death signal transduction
Our data show that hypoxia causes the formation of a polarized neuronal signaling module composed of a lipid raft-mitochondrial-actin cytoskeletal lattice that by its coupling architecture vectorially propagates the death signal. The formation of this signaling complex is regulated by Ngb through Pak1 kinase inhibition, enhancement of Rac1-RhoGDI association, and inhibition of actin cytoskeleton assembly. Increased Ngb levels, produced by hypoxia or constitutive overexpression, facilitate the interaction of Ngb with RhoGDI and RhoGTPase family members, modulating their activity and their roles in signaling module assembly. We propose that, in response to hypoxia and other neuronal insults, raft polarization, mitochondrial aggregation, and actin cytoskeleton reorganization act in concert to establish somal polarity, in order to sense and mount a response to the insult (Fig. 9) . Similar RhoGTPase regulation of microdomain polarization occurs during Fas/CD95 DISC formation in lymphocytes (4) and may represent a mechanism that is conserved across the immune and nervous systems for death signal transduction. As in Fas DISC death signaling, disruption of aggregation and polarization of this module in neurons, mediated through increases in Ngb expression, dampens death signaling, and protects against injury. Other receptors involved in cell death induction, such as TNFR1, DR5, and DCC are also located in lipid microdomains (28 -32) , and this localization seems to be a prerequisite for their ability to trigger cell death. Disruptors of lipid rafts and inhibitors of raft aggregation abrogate death signaling, presumably by interfering with the topological relationship of death receptors and caspases in death signaling complexes.
Brain ischemia is associated with at least two forms of neuronal death. Necrotic death occurs in regions of severely reduced blood flow (ischemic core), while in the surrounding ischemic penumbra, where oxygen levels are higher and blood flow is less compromised, programmed cell death is observed (3). Ngb immunoreactivity is increased in murine cortical neurons after focal cerebral ischemia (2) , especially in the penumbra, suggesting that Ngb expression might be particularly increased in neurons that are ischemic, but capable of survival. Our results suggest that somal microdomain polarization is part of a programmed signaling response to hypoxia that parallels cytoskeletal microdomain polarization observed during DISC formation in immune cells. Our data demonstrate that increases in Ngb expression in Ngb-Tg cortical neurons retard microdomain polarization through inhibition of Rac1-GDI dissociation and Rac1-mediated actin assembly and suggest a novel mechanism for Ngb-mediated neuroprotection. Pak1 kinase activity, a regulator of actin cytoskeleton polarization (33) , is also inhibited by Ngb as part of its neuroprotective action (Fig. 7) , suggesting further parallels between polarization mechanisms and death signal transduction in neural and immune systems.
Our in vitro Pak1 kinase results demonstrate Ngb itself is phosphorylated by Pak1. Globins display a high degree of functional plasticity by creating or deleting docking sites and cavities within the protein moiety. 3D crystallographic data of murine CO-ligated Ngb shows substantial structural changes on binding of CO to the ferrous heme iron, involving a sliding motion of the heme and a topological reorganization of Ngb's large internal cavity (34) . It is possible that these conforma- tional changes may be dynamically regulated by Pak1 phosphorylation and modulate Ngb's protein-protein interactions as part of the signal encoding hypoxic information.
It is unclear whether death mechanisms may be linked between different forms of neuronal death (ischemia, trauma, excitotoxicity, or degenerative disease) and different death-inducing stimuli. We show here that hypoxia causes the formation of a conserved neuronal death-signaling module composed of a lipid raft-mitochondrial-actin cytoskeletal lattice. We extend our signaling module observations and the range of neuroglobin's protective actions to encompass A␤-and NMDA-induced neuronal death (35) and suggest a common signaling pathway for neurons to die and a common mechanism for neuroprotection.
The role of raft microdomains in the formation of death-signaling modules may help explain the sensitivity of a variety of cytotoxic processes to cholesterol-depleting Figure 8 . a) Ngb-Tg mouse cortical neurons are protected from hypoxia-induced death, as measured by LDH release and chromatin fragmentation. Resting control (CNTL; white bars) and Ngb-Tg cortical neurons (white bars) at 9 DIV were untreated or exposed to hypoxia for 24 h (blue bars). Resistance to hypoxic neuronal death was prevented by coincubation of Ngb-Tg cortical neurons with 4 M Ngb siRNA but not control siRNA group. Latrunculin-A, which prevents microdomain polarization, protects cortical neurons from hypoxia-induced death, as measured by LDH release and chromatin fragmentation (teal bars). LDH release from cortical neurons exposed to 1% Triton X-100-containing lysis buffer served as 100% LDH release. Data are expressed as means Ϯ se (nϭ3). Cortical neurons were also assessed for raft distribution (Ctx-B staining) and chromatin integrity (DAPI staining) following 6 and 24 h of hypoxia, respectively. We determined the percentage of neurons with aggregated and polarized Ctx-B staining and the percentage of nuclei with condensed and fragmented chromatin for each experimental group by counting 500 neurons in several random fields. Following 6 h hypoxia, the incidence of neurons with polarized raft microdomains is significantly lower, and following 24-h hypoxia treatment, the incidence of neurons with condensed and fragmented chromatin is significantly lower in Ngb-Tg and Lat-A-treated neurons. drugs. We demonstrate that lowering cholesterol levels impairs formation of polarized microdomain death signaling as part of its neuroprotective mechanism (35) . Thus, signaling module formation and neuroglobin itself are relevant drug targets that lend themselves to novel screens for the identification of new drugs and therapeutics that would retard death module formation and protect against neuronal injury and death.
Our research provides insight into possible mechanisms of neuroprotection by Ngb, and may have therapeutic implications for stroke and neurodegenerative disease. Figure 9 . A model of the formation of polarized somal signaling in neurons following exposure to neurotoxic stimuli (hypoxia, A␤, NMDA). The model shows the effects of Ngb on the Rho GTPase-GDI cycle and more specifically on the release and activation of Rac1. Rho GTPases such as Rac1 act as molecular switches to regulate downstream biological responses. To perform this function, they must cycle between GDP-bound inactive states and GTP-bound active states. GDIs (RhoGDI) sequester the inactive GTPase, preventing the dissociation of GDP and interactions with regulatory and effector molecules. This inhibitory action of GDIs requires that they be dissociated from their partner GTPases for the GTPases to become activated and elicit their biological effects. In response to cell stimulation, Rac1 is induced to dissociate from GDI through Pak1 kinase-mediated phosphorylation of GDI. The GDI-free Rac1 is converted to the active GTP-bound form, which is then able to bind to effectors, promote actin polymerization, and associate with membranes. The interaction of Rac1 with the membrane is terminated by the conversion of Rac1 to the GDP form and reassociation with GDI. Our data suggest that Ngb overexpression promotes Rac1 association with GDI, maintaining Rac1 in an inactive state and retarding actin polymerization and subsequent cytoskeletal and microdomain aggregation. Our data also demonstrate that Ngb associates with Pak1, a kinase that phosphorylates GDI and promotes Rac1 release. Our results demonstrate that Ngb also inhibits Pak1 kinase activity further inhibiting Rac1 release, and that Ngb is also a target for Pak1 phosphorylation. Maintaining Rac1 in an inactive state inhibits action polymerization, microdomain aggregation, and polarized signal transduction.
